Acyclic peptides having pent-4-enoyl at N-terminal and O-allyl at C-terminal as linkers can be transformed to β-turn mimics via ring closing metathesis using Grubb's catalyst. The chirality of Phenylalanine residue controls the cyclization during RCM, which leads to the concomitant formation of 6-hydroxy-caproic acid as a linker during cyclization.
Introduction
The use of peptidomimetics to overcome the limitations inherent in the physical characteristics of peptides has become an important strategy for improving the therapeutic potential of peptides. Generally, peptidomimetics are derived from a lead peptide sequence where structural modifications have been incorporated to improve binding affinity and/or metabolic resilience. Although many peptide sequences have been identified as potent bioactive agents, there are fundamental limitations associated with the development of peptides as therapeutics. The inherent conformational flexibility of a small peptide results in a myriad of conformations adopted by the peptide. In addition, there are a number of metabolic limitations restricting the use of peptides as therapeutics. Poor permeability across membranes, proteolytic degradation, rapid clearance and in some cases poor solubility and a tendency to aggregate, all contribute to low oral availability of peptide based therapeutics 1 .
Peptidomimetics based on β-turns 2, 3 are attractive mimics of the 'bioactive conformations' because numerous peptides elicit a biological response via such a conformation. In an ongoing program in our laboratory on the discovery of small molecule ligands inhibiting HIV-I protease, we have undertaken the synthesis of cyclic tripeptides derived from Gly-Pro-XAA and Phe-Pro-YAA residues. In this process we are trying to understand the role of preceding and succeeding
Results and Discussion
In order to probe the conformational features of such cyclizations, it is envisioned that tripeptides from XAA-Pro-YAA would provide an interesting study on their folding properties. We have started with 'gly-pro-gly' motif and synthesized the tripeptide 15 (R1=R2=R3=R4=H) as shown in Scheme1. It is generally known that Pro-Gly residues in proteins are turn inducers and introduction of a glycine residue at both ends of L-proline should add an additional element of turn inducing property, which may help in β-turn formation. We have used N-pentenoyl and O-allylester at the two ends of these peptides so that, RCM cyclization leads to the formation of cyclic peptides containing 6-hydroxy-4, 5-dehydro-caproic acid as a linker.
The solvent titration study of 15 showed the absence of any intramolecular H-bonding & preorganized secondary structure. The acyclic peptide 15 when subjected to RCM using Grubb's catalyst, failed to cyclize and this, was attributed to the flexible conformation of the molecule. It is known that glycine residue in particular is free from φ and ψ angle bias compared to the other substituted amino acids and that it is capable of imparting a large degree of rotational freedom in the molecule. Consequently, the two termini of the peptide backbone can go far apart from each other eluding the possibility of RCM cyclization.
Considering 'glycine' unit as the main cause for imparting this flexibility into the molecule we decided to use chiral amino acid like phenylalanine in place of the former at C-terminus of proline. Eventually, we synthesized tripeptide 17 (scheme-1). In order to prove the presence of β-turn we carried out a deuterium exchange study on 17 using CD 3 OD in CDCl 3 which showed that no deuterium exchange took place for the bonded amide proton (Phe NH δ = 7.4 ppm, IR = 3264 cm -1 ) even after 5 hours. Having established the presence of the β-turn in 17, we subjected it to RCM using Grubb's ruthenium catalyst (20 mol %). It was gratifying to find that the acyclic peptide 17 cyclized smoothly to the corresponding cyclic peptide, which was hydrogenated to obtain the cyclic peptide 17C (scheme-1) in good yield. It is also interesting to note that the β-turn, which was present in the acyclic precursor 17, was retained in the cyclic peptide 17C (Phe NH, δ = 7.45 ppm, IR = 3314 cm -1 ). The presence of β-turn was also confirmed by nOe studies using non-quantitative NOESY type spectra (Figure1) .
Figure 1
Based on our earlier work 4 it is interesting to note that, the cyclic peptide (20) derived by cyclization of pent-4-enoyl-Gly-L-Pro-L-Phe-N-allylamide using Grubb's catalyst (20 mol %) is organized via a 3 10 -helix (Phe NH and allylic NH was H-bonded) where the donor and acceptor partners differ from the corresponding cyclic peptide 17C (Phe-NH is H-bonded) ( Figure 2 ). 
Figure 2
We were also interested in investigating the role of chirality in this peptide and thus synthesized the corresponding acyclic peptide 18 (scheme-1) containing D-phenylalanine instead of L-phenylalanine in 17. Although the solution NMR studies confirmed the presence of a 10-memebered β-turn in 18 (Leu NH = 6.97, IR = 3308 cm -1 ), RCM using Grubb's catalyst (30 mol %) failed to give the cyclic peptide. Failure of 18 to undergo RCM reaction may be attributed to the importance of chirality (φ and ψ angle) of amino acid at C-terminal of proline. Based on the result obtained above we wanted to probe the influence of the side chain amino acid residue at C-terminus of proline and accordingly synthesized acyclic tripeptide 16 (scheme-1). Interestingly the solution NMR study of the peptide 16 indicated the participation of leucine NH in intramolecular H-bonding (Leu NH, δ = 6.94 ppm, IR = 3321 cm -1 ), suggesting that here the two terminal olefinic bonds may come in close proximity. Indeed, it was found that corresponding cyclic peptide 16C was obtained when 16 was subjected to RCM (20 mol % Grubb's catalyst) and hydrogenation conditions (Leu NH, δ = 7.2 ppm, IR = 3315 cm -1 ). The presence of β-turn in 16 and 16C was also confirmed by nOe studies using non-quantitative NOESY type spectra (Figure 3) .
Figure 3
Having established the requirement of L-amino acid at C-terminal of proline in 16 and 17 to undergo RCM reactions, we wanted to probe the role of chiral amino acid at N-terminus of proline and accordingly synthesized pent-4-enoyl-D-Phe-Pro-O-allylester 19 according to the synthetic procedure outlined in scheme-1. The intramolecular hydrogen bonding properties of 19 was studied by its solution NMR, which showed the Glycine NH to be intramoleculary hydrogen 4) .
19C
Figure 4
Conclusions
We have synthesized cyclic peptide β-turn mimics and the studies described above indicate that the role of chirality of phenylalanine dictates the RCM cyclization when proline is present at i +2 position. Therefore RCM reactions act as a probe for the β-turn conformation in small peptides and these small molecules mimetic can be used as a tool to understand the Protein-Ligand interactions. We are further pursuing our studies to understand the role of L-amino acids preceding L-Proline for synthesizing cyclic peptides by RCM.
Experimental Section
General Procedures. Melting points were determined manually. 1 H NMR spectra were recorded on Varian Mercury 400 MHz and Varian Gemini-200 MHz spectrometer in CDCl 3 with TMS as internal standard. Chemical shifts are quoted in ppm and J values are given in Hertz. IR spectra were recorded on an FT-IR spectrophotometer from the Perkin-Elmer 1600 series. Mass spectra were recorded on a Hewlett Packard 5989A LC-mass spectrometer using isobutene as chemical ionizer gas. Optical Rotation was recorded using JASCO DIP 370 spectrophotometer.
General procedure for peptide coupling
To a stirred solution of pent-4-enoyl-XAA acid in DCM at 0 o C was added triethylamine (1equiv), followed by isobutyl chloroformate (1 equiv) and the mixture was stirred for 5 min and then finally this was added to XAA-allylester followed by triethylamine (1 equiv). The reaction mixture was stirred for 5h at room temperature and dilute with dichloromethane. The organic layer was washed with 5% sodium bicarbonate solution, cold saturated citric acid solution and finally with brine. Drying over sodium sulfate and evaporating the solvent under vacuum yielded the crude compound which was chromatographed (100-200 silica gel, MeOH:CHCl 3 ) to afford the desired peptide in good yields.
General procedure for RCM
To a stirred solution of Grubb's ruthenium catalyst (10 mol%) in dry dichloromethane (in high dilution) under nitrogen was added acylic peptide dissolved in dry dichloromethane slowly over a period of 30 min and the mixture refluxed for 12 h after which a further portion of catalyst (10 mol%) was added to the reaction mixture and refluxing continued. Finally, after 28-30 h the reaction was exposed to air and the solvent was evaporated to afford the crude product, which was chromatographed (100-200 silica gel, MeOH:CHCl 3 ) to afford the unsaturated cyclic peptide as a mixture of E and Z isomers in 50-60 % yield.
General procedure for hydrogenation
To a stirred suspension of 10 % Pd/C (15 mg) in methanol (2 ml) was added a solution of unsaturated cyclic peptide (50 mg) in 5 ml of MeOH at room temperature. The reaction flask was evacuated and hydrogenated using a H 2 gas balloon (approx-20 psi) for 3h. The catalyst was filtered off using a celite pad and the filtrate was concentrated to afford the crude compound which was purified using (100-200 silica gel, MeOH:CHCl 3 ) to afford the cyclic peptide in quantitative yields. 6H), 1H), 5.33 (bs, NH), 2H), 1H), 2H), 2H), 3H), 2H) 6H), 1H), 2H), 4.61 (d, J = 5.8 Hz, 2H), 2H), 1H), 1H), 2H) 1H), 4.63 (d, J = 7.3 Hz, 1H), 1H), 1H), 1H), 1H), 4H), 1H) 
Compound characterization
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